Abstract. We describe the development and application of an anelastic, multiphase model of the mantle convection process in axisymmetric spherical shell geometry. The radial structure of the anelastic reference state has been determined on the basis of elastic wave propagation data, primarily those used to construct the preliminary reference Earth model (PREM). The multiphase model is employed to examine the extent to which the pressure-induced phase transitions in the planetary mantle may conspire to cause the flow to become radially layered. We find that the endothermic phase transition at 670 km depth profoundly influences the radial mixing process in the high Rayleigh number regime. In the Earth-like region of parameter space the flow exhibits a low-frequency quasi-periodicity characterized by rather long periods of relative quiescence in which the circulation is predominantly layered followed by short periods of intense radial mixing across the endothermic horizon. These "avalanche" events are controlled by the periodic instability of the internal thermal boundary layer that develops on the endothermic horizon when the flow is layered. This hydrodynamic process appears to have important implications for the understanding of a number of characteristics of planetary evolution, especially thermal and chemical history.
Introduction
Many different spherical shell models of the thermal convection process have been presented in the recent literature that have been employed to study various aspects of mantle mixing [Hsui et al., 1972; Young, 1974 Machetel and Weber, 1991] . Because the viscous fluid dynamics of this region of the planetary interior, roughly the outer 50% by radius, is intimately involved in the process of continental drift, it is not surprising that the subject continues to inspire such a high level of research activity. Despite this activity, there remain a number of key issues which still need to be satisfactorily addressed. These issues include the fundamental question of the role of phase transitions in the mantle general circulation, especially concerning the degree of radial layering that may result from their presence. Our purpose in this paper is to describe an axisymmetric, anelastic model of the thermal convection process with which it has been possible to simulate the influence on the circulation of either or both of the major solid-solid phase transformations that exist at 400 km and 670 km depth in the planetary mantle. The time independent, spherically averaged anelastic reference state is derived on the basis of best current estimates of the radial dependence of the appropriate thermodynamic parameters, primarily from the preliminary reference earth model (PREM) of Dziewonski and Anderson [1981] . Previous versions of our model have been employed to study various aspects of the Copyright 1994 by the American Geophysical Union.
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0148-0227/94/93JB-02168505.00 mantle convection process; in particular, the nature of the chaotic mixing that characterizes the dynamical state in the regime of high Rayleigh number [Solheim and Peltier, 1990] .
The major seismic discontinuities that exist in the Earth occur at depths of 400 km and 670 km. These discontinuities have been shown to be a consequence of solid-solid pressure-induced phase transformations of the mantle mineralogy. The 400-km boundary is known to be due primarily to a transformation of the olivine constituent, (Mg(1-x)Fex)2 SiO4, which is the dominant material of the upper mantle with x • 0.1, to the spinel phase. This high-pressure phase of olivine was first reported by Ringwood and Major [ 1966, 1970] and Akimoto and Fujisawa [1966] . Liu [1975] The two simulations that result in these geotherms differ in that one corresponds to a case in which the fluid is heated entirely from below (the low-temperature curve) and one has internal heating corresponding to /x = 10 (the hightemperature curve), where/x is a parameter to be defined in what follows that measures the fraction of the net heating that drives the convective circulation that is derivative of internal sources as opposed to that applied through the lower boundary. With/x = 10, as will be discussed in more detail below, roughly 50% of the heating is from below and 50% is from within. The geotherm in Earth's mantle likely lies in the region between these two curves. Although the 400-km and 670-km seismic discontinuities are by far the strongest reflectors of seismic energy, other discontinuities exist through the so-called transition zone that is bracketed by these horizons. In particular, Shearer [1990] has found evidence for the existence of discontinuities at 410 km, 520 km, and 660 km using stacked images of long-period seismic data. The existence of a seismic reflector at 520 km can be explained by the presence of the/3 -•/3 + y -• y transition that appears at that depth (see Figure 1) . In fact, it would be difficult to accept Figure 1 as a correct representation of the mantle phase diagram if this discontinuity did not appear in the seismic data. The fact that Shearer determines the boundaries of the transition zone to be at 410 km and 660 km rather than at 400 km and 670 km, the levels to which they correspond in PREM, provides some indication as to the uncertainty of these average depths. The coincidence of three seismic reflectors at the calculated positions of the three transformations of olivine through the transition zone suggests that Figure 1 provides a rather accurate representation of the mantle above 670 km depth and that the geotherm does lie in the intermediate region between the two geotherms shown in Figure 1 . It was knowledge of these phase equilibria that first sparked speculation as to whether the mantle may be convecting in two layers, one above 670 km and one below 670 km. Various geophysical observations [Peltier and Jarvis, 1982] have been employed to argue in favor of either the layered scenario or the "whole mantle" scenario. Proponents of the layered model have usually argued that the 670-km seismic discontinuity was a consequence of a chemical difference between the upper and lower mantle as well as corresponding to the spinel --> post-spinel phase change. The primary reason for this was that the seismically observed thickness of this boundary is only a few kilometers, and it was thought that this was much too narrow to be caused entirely by an equilibrium phase change. It has recently been demonstrated, however, that the phase loop thickness for the 670-km phase change is in fact only a few kilometers [Ito and Takahashi, 1989 ], as mentioned above. There appears to be no good reason to believe therefore that the 670-km seismic horizon is associated with any effect other than that due to the spinel to magnesiowQstite and perovskite phase transformation. Even though the 670-km boundary may have no change of mean atomic weight across it, it is nevertheless possible that an endothermic phase change may strongly inhibit the advection of material across it. This is, in fact, very likely to be the state of the present-day earth as we shall demonstrate in what follows. Previous preliminary analyses of this issue have been presented by Machetel and Weber [1991] for the axisymmetric spherical shell whose results were obtained for a Rayleigh number of approximately 106, well below that for the modern Earth (107) and by Peltier and $olheim [1992] in the same geometry for a Rayleigh number of 107 . The former analysis revealed only weak layering with a Clapeyron slope for the endothermic transition of-3 MPa/K, whereas the latter obtained quite strong layering with the Clapeyron slope near this same value. The recently published results on the impact of the endothermic transition in three-dimensional spherical geometry by Tackley et al. [1993] were obtained for thermal forcing very close to that employed by Machetel and Weber and the degree of layering revealed by the analysis is much less pronounced than that obtained by Peltier and Solheim at the higher Rayleigh number, suggesting that the effect of the geometrical difference may be modest. The issue of the degree of layering characteristic of the modern earth is important and therefore warrants detailed analysis in the context of the axisymmetric spherical shell. Our arguments are based upon detailed numerical simulations with a new multiphase con-vection model, and the results are employed to determine the influence on layering of the main control variables of the model which include the Rayleigh number Ra, the internal heating parameter tz, as well as the phase loop thicknesses and the Clapeyron slopes of both the 400-km and 670-km phase transformations. We document the specific circumstances under which layering arises and describe the time dependence of some of these highly nonlinear flows. This time dependence is of some interest because it displays a quasi-periodicity in which certain "avalanche" events repeat themselves every 600-800 m.y. in our axisymmetric model. We begin with a complete description of the multiphase model and continue with a detailed analysis of the influence of individual parameters on the simulated flows.
Multiphase, Anelastic Convection Model
The system of equations we shall employ to represent the thermal convection process in a multiphase mantle is based on the usual field equations describing the pointwise conservation of mass, momentum, and internal energy for a Newtonian fluid (equations (1) 
In this system of equations, p, u, p, and T are density, velocity, pressure, and temperature, respectively, while #,
•, c v, a, k, and Kv are gravitational acceleration, molecular viscosity, specific heat capacity at constant pressure, thermal expansion coe•cient, thermal conductivity, and isothermal bulk modulus, respectively; X is a constant heating rate per unit mass, and ß represents the viscous dissipation rate per unit volume of fluid. For spherical axisymmetric geometry the dissipation function ß has the explicit form 2 10Uo Ur 2 Uo cot 0. Or r r O0 • .
The last term on the right-hand side of (3) accounts for the release (absoftion) of latent heat during a change of phase. The terms l I and l 2 are the energy per unit mass released (or absorbed) as the fluid changes from phase 1 to phase 2 (olivine-spinel) or from phase 2 to phase 3 (spinel-perovskite and magnesiowfistite), respectively. The phase density functions Fl(r, 0, t) and F2(r, 0, t) are the fractions of phase 2 or phase 3, respectively, that exist at any position in the mantle at any time and are specifically represented as
Fi=• 1 +tanh (rpi(O, t)-r)
.
The form of F i (equation (6)) is chosen following Richter [1973] and allows for a finite depth (determined by the parameter hi) over which the phase change takes place; rpi(O, t) is the radial position of the ith phase boundary at azimuthal location (0) and time (t), while d is the depth of the convecting region, here the mantle thickness. Note that when r = rp•, F i = 1/2. Thus the location of a given phase boundary is defined to be that point at which 50% of each phase is present. The equation of state (4) is simply a linear Taylor expansion of the density about a background state with the last two terms on the fight-hand side added to incorporate the density variation due to the phase changes. The spherically averaged reference state has density pt(r), temperature Tr(r), and pressure pt(r) and is characterized by the phase density functions Fr•(r) and Fr:(r ). A 1 = P2 -Pl and A 2 = P3 --P2 are the differences in densities between phase 2 and phase 1 across phase boundary 1 and between phase 3 and phase 2 across phase boundary 2, respectively.
The anelastic-liquid approximation [e.g., Jarvis and McKenzie, 1980] is applied to the system (1)-(4). This involves setting 0p/0t = 0 in 1, assuming •, cp, a, k, KT, and • (thermal diffusivity) to be known functions of radius and replacing p by Pr everywhere in (1)-(3) except in the body force term of (2). Because the mantle has essentially infinite Prandtl number, the ine•ial force term in the momentum conservation equation may be neglected [Peltier, 1972] . Furthermore, owing to the extremely small velocities associated with the mantle convection process, the pressure distribution is very nearly that of a fluid in hydrostatic equilibrium and we may then safely assume Dp aT
• -aTp9u r. 
Spherically Averaged Reference State
We determine the radial dependence of Pr, P r, #, and Ks 
K T pCp
For a temperature ranging from 300 K at the surface to 4000 K at the CMB, K s and Kr differ by a maximum of 5% but less than 1% over the majority of the mantle. In light of this, we shall set Ks = K r for the purpose of model calculations.
For Pr, •1, KS, and c p the lower mantle data were fit to cubic expressions, while for the narrower transition zone and upper mantle the data were fit to straight lines. Because it displays no major discontinuities, the reference pressure P r was fit to a cubic. Since there is greater variability in the radial dependence of thermal conductivity near the surface (as compared to the other reference state functions), all three constituent curves of k were cubic expressions. Table 1 
Results: Layered Flows and Their Temporal Stability
This section explores in detail the effects of varying the amount of internal heating and the Clapeyron slopes of both the 400-km and 670-km phase transitions. This discussion is preceded by a description of the quasi-periodicity that may be observed in the time dependence of partially layered flows that is the main new phenomenological result that our analyses have revealed. The range of values over which these parameters are varied has been chosen to match the range expected for these parameters in Earth's mantle. The Rayleigh number of Earth is near Ra -10 7 [e.g., Solheim and Peltier, 1990] , and all of the simulations described below It is nevertheless of great interest to understand the effect of varying R a on the propensity for layering in a given flow. Increasing the Rayleigh number, in fact, tends to increase the propensity for layering of a convective circulation when phase boundaries are present. This is understood to be a consequence of the greater phase boundary deflection induced by the larger temperature gradients that exist across sinking and rising plumes in the higher Rayleigh number fluid. Since it is the advection of ambient temperature across a phase boundary which is primarily responsible for the phase boundary deflection, plumes with a larger temperature gradient across them will produce larger deflections of the phase boundary. As explained in more detail below, greater phase boundary deflection at the endothermic 670-km transition results in a greater propensity for layering in the fluid. Increasing the Rayleigh number while keeping all other parameters unchanged therefore results in greater layering in the mantle. This is significant because, in the early Earth, the Rayleigh number was much higher than it is currently [Sharpe and Peltier, 1978] . This implies therefore that the degree of layering was quite likely much higher in the past than it is at present.
A diagnostic which will be employed below in order to quantify the degree of layering in a given flow is the relative radial mass flux diagnostic F m that we define as follows: Figure 3a) for this simulation. Note that to obtain this and all subsequent time series, the model has been integrated from an initial state into a state of statistical equilibrium; the portion of the time integration containing the thermal transient characterizing the approach to this statistical equilibrium is always discarded, as explicitly discussed in our previous analysis of flows without phase transitions [Solheim and Peltier, 1990] . The most striking feature of these time series is the existence of a very long timescale transience. This transience is characterized by periods which begin with a sudden increase in mass flux at both 400 km and 670 km depths and a corresponding increase in surface velocity together with a sharply increasing average shell temperature. The mass flux and surface velocity then decrease sharply and hover near a minimum value for the remainder of the period. The average shell temperature reaches a maximum shortly after the maximum in average surface velocity is achieved, then gradually decreases for the remainder of the period. The peaks in mass flux imply a greater than average fluid velocity throughout the fixed volume, fixed mass mantle. This results in a high average surface velocity during these periods, as is apparent in Figure 3 , as well as an associated higher than average surface heat flow. Conversely, periods of low radial mass flux at 400 km and 670 km depths correspond to periods of relatively low surface velocities. The high mass flux events are characterized by intense localized downwellings across the 670-km phase boundary that erupt and subside in a relatively short period of time. The upward moving return flow tends to be more diffuse than the downwellings during these "avalanche" events, although there are occasions when a strong rising plume is observed to cross into the upper mantle. After the initial avalanche of fluid across the 670-km phase boundary subsides, the flow returns to a dominantly layered style of convection in which the mass flux at 670 km almost vanishes (see Figure 3) .
In order to understand this avalanche phenomenon more fully, Plate 1 includes a sequence of instantaneous temperature fields covering the period of time spanning one of these The extent of the layering over various parts of a cycle may be determined using the mass flux diagnostic Fm. In neither of these states is the flow perfectly layered nor perfectly whole mantle in style. Rather there is a spatial nonuniformity of layering in which plumes cross the 670-km phase boundary in some locations, but elsewhere along this boundary there is essentially no radial mass transfer. The number and intensity of plumes that do traverse this boundary fluctuate in time. This characteristic behavior was alluded to previously by Solheirn and Peltier [1993] , but it was not nearly so evident. This suggests that this behavior is indeed typical of a flow as it approaches a layered regime from an unlayered regime through variation of model parameters such as hi, Ra or •i. It should be noted that these episodically layered flows are statistically stationary only when the averaging timescale is sufficiently long.
Impact of Individual Phase Boundaries on Radial Mixing
Both the effect of latent heating and the effect of phase boundary deflection are factors which influence the flow of fluid through a phase boundary as originally discussed by Busse and Schubert [1971] from the perspective of linear stability analysis. Thermal expansion of downward moving fluid, due to latent heat release, at an exothermic phase boundary, for example, will result in an added positive buoyancy and therefore will tend to reduce the vigor of descending flow. Conversely, thermal contraction, due to latent heat absorption, of downward moving fluid at an endothermic phase transition will result in an added negative buoyancy and tend to accelerate the flow of fluid across the transition. It is clear on a priori grounds that the endothermic transition tends to cause phase boundary deflection in the direction of the fluid flow across it, whereas the exothermic transition causes phase boundary deflection in a direction opposite to the fluid flow. Consequently, a column of sinking fluid crossing the exothermic transition would contain more of the heavy phase, relative to the ambient fluid, and thus experience an added downward force. A sinking column crossing the endothermic transition, however, would contain relatively more of the light phase and thus experience an upward force. Similar reasoning applies to rising fluid, and we see that latent heating and phase boundary deflection have opposite effects at both exothermic and endothermic phase transitions. In the linear regime, at a Rayleigh number corresponding to the onset of convection, the latent heating effect dominates [Peltier, 1985 We describe one further measure of the degree of layering in such flows. This is a single number that when it is zero implies there is no layering, when it is between zero and one implies that there is some degree of layering (one implies perfect layering), and when it is negative implies that the 670-km mass flux is greater than normal. Using the dimen- 
Influence of Internal Heating on the Propensity for Layered Flow
To this point in the analysis, all of the simulations discussed have been characterized as having no internal heating. Since there is likely significant internal heating in Earth's mantle due to the decay of long-lived radionucleides such as 235'238U, 232Th, and 4øK, it is important to understand the influence of adding internal heating on such flows. The most obvious effect of the addition of internal heating to the mantle is to raise its average temperature. This effect is evident in Figure 5 . A useful additional piece of information that may be determined from these geotherms is the ratio of internal heating to total heating from within and below (the Urey ratio). Note that this is not/x (except when/x = 0) in these simulations, as it was in the uniphase model [Solheim and Peltier, 1990] Another well-known effect of adding internal heating is that the vigor of hot plumes rising from the CMB is diminished in favor of cold plumes sinking from the surface. A consequence of this added relative importance of cold plumes sinking from the upper thermal boundary layer is an increased propensity for layering as internal heating is added to the fluid. A line of physical argument that makes this fact understandable is as follows:
1. It is the magnitude of the deflection of the 670-km phase boundary away from its average depth that determines the degree of layering.
2. It is the advection of ambient temperature across 670 km that is primarily responsible for this deflection.
3. Cold sinking plumes from the surface have a larger temperature gradient across them in a fluid with internal heating than in a fluid without internal heating due to the hotter mantle interior ( Figure 5 ) and so produce a greater phase boundary deflection.
4. Because the 670-km boundary is much nearer to the surface than the core-mantle boundary, there will be more cold plumes from the surface reaching 670 km than hot plumes from the CMB. This implies that although adding internal heating decreases the temperature gradient across hot rising plumes and thus decreases the magnitude of phase boundary deflections caused by them, the net effect of adding internal heating is to increase the magnitude of the 670 km phase boundary deflections in the regions of descending flow that control mixing. The There are significant differences between the three geotherms of Figure 9 . These three geotherms differ in a very obvious way, their shape, throughout the transition zone between 400 km and 670 km. In the layered flow (dotted line) there is clearly a thermal boundary layer with a negative gradient across it, as is characteristic of such flows. In the other two geotherms, however, the average temperature is raised a few degrees (•90 K) at 400 km and lowered a few degrees (•60 K) at 670 km. This raising and lowering of the average shell temperature at 400 km and 670 km, respectively, is a result of the release of latent heat into the mantle at the exothermic 400-km phase transition and the absorption of heat at the endothermic 670-km phase transition. In the simulation represented by the solid line, there is no layering at all. In fact, the mass flux at 670 km is larger than it would be if there were no phase boundaries present (see Table 4 
Two simulations with

Conclusions
We have developed a multiphase, anelastic, axisymmetric, mantle convection model which incorporates an Earthlike basic state. Numerical solutions of the governing system of equations were constructed for a number of parameter configurations, and these solutions were employed to isolate the influence of these parameters on the flow. In this analysis [1992] but not previously explained). During the high mass flux at 670-km events, localized "avalanches" of fluid are observed to penetrate the boundary. These avalanches appear suddenly and tend to cease just as abruptly. This intermittency in the degree of radial layering can be explained in terms of a growing and decaying instability that occurs in the internal thermal boundary layer which develops across the endothermic phase transition at 670 km depth in flows that exhibit partial layering. This growth and decay are driven by the difference in efficiency between the predominantly advective radial heat transport outside the 670-km thermal boundary layer and predominantly conductive radial heat transport within the thermal boundary layer. This difference causes a growth of the internal thermal boundary layer. When the temperature difference across the boundary layer and the boundary layer thickness become large enough to raise the local Rayleigh number above its critical value, an avalanche occurs in which fluid from the transition zone abruptly descends into the lower mantle, thus reducing the temperature gradient within the boundary layer and decreasing the local Rayleigh number below its critical value once more.
